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Budding yeast cells exhibit a defined mode of
centrosome inheritance — the ‘old’ spindle pole
body always segregates into the bud. But it is the
astral microtubule–cortex interaction which matters
for controlling the asymmetric localization of
Bfa1p/Bub2 at spindle pole bodies.
Cell morphogenesis is most easily observed during
the cell division process. Beyond the molecular
pathways that control cell cycle progression or coor-
dinate distinct cellular events, the questions of how
cells are shaped and subcellular compartments dis-
tibuted for appropriate inheritance before cytokinesis
is completed calls for answers at the level of cell orga-
nization. Cell division begins with entry into mitosis, in
which one nucleus with a double content of DNA is
divided into two through complex remodeling of the
chromatin. Mitosis terminates with the equatorial
alignment of chromosomes at metaphase, and is gen-
erally thought to be largely disconnected from the cell
cortex and from extracellular signals. This is why
some of the mechanisms involved in mitotic spindle
assembly and chromosomes segregation can be
studied in acellular systems.
There is, however, a global spatial feature which is
essential for the regulation and success of cell division:
the mitotic spindle is bipolar with the two daughter
centrosomes at the poles. The centrosome provides
the microtubule organizing functions in somatic cells
and duplicates before mitosis. Centrosomes determine
where the two nuclei will reform after chromosome
segregation and congression. They also concentrate
the anaphase promoting complex (APC) at the minus
ends of spindle microtubules. This complex is able to
trigger the exit of mitosis upon proper signalling from
the plus end microtubules at the kinetochores.
As soon as mitotic exit is triggered and cytokinesis
begins, it becomes critical that connections between
the nuclear compartment and the cell cortex are
estabished to ensure that each daughter cell inherits
a nucleus. Coordinating the completion of mitosis with
cytokinesis, while cytoplasmic compartments are being
reformed, requires spatial and temporal control through
elaborate signalling, and the centrosome-microtubule
network apparently plays a central role in this. Two
conserved GTPase-regulated protein kinase cascades
have been shown to be critical for controlling key
events during exit from mitosis and cytokinesis in
budding and fission yeast: the mitotic exit network
(MEN) and the septation initiation network (SIN),
respectively [1,2]. In both cases, the regulatory com-
plexes accumulate at the spindle pole body (SPB), the
yeast equivalent of the centrosome. Core components
of the SPB have been shown to have dual functions in
microtubule organization and in mitotic exit control in
the budding yeast Saccharomyces cerevisiae [3]. Given
the SPB’s ability to act as a microtubule nucleating and
anchoring center, and the dynamics of its interactions
with the cortex through cytoplasmic microtubules, it
can  potentially link temporal decisions — to undergo
cytokinesis — with nuclear migration (reviewed in [4]).
Strikingly, the two SPBs of a dividing yeast cell are
distinct with respect to the associated SIN or MEN
components. In the fission yeast Schizosaccharomyces
pombe, the GTPase Spg1p is inactivated at one of the
separating poles, leading to a poorly understood asym-
metric situation. In S. cerevisiae, only the SPB that
migrates into the daughter cell carries the Bfa1p/Bub2p
GTPase-activating protein (GAP) complex, together
with the homologue of Spg1p, the GTPase Tem1p [5].
The two SPBs of yeast cells are functionally distinct.
They are also intrinsically distinct in terms of genera-
tion: like the centrioles of vertebrate cells, yeast SPBs
duplicate once per cell cycle by a conservative mech-
anism, resulting in one old and one newly formed SPB.
One might thus wonder whether the functional differ-
ence between the two SPBs correlates with the time
of their assembly. This is precisely what has been
addressed in a recent study [6] in which the mode of
partitioning of the ‘old’ and ‘new’ SPBs between the
mother cell and the daughter cell, or bud, has been
analysed (Figure 1, top). 
Pereira et al. [6] took advantage of the slow rate of
folding of a red fluorescent protein (RFP) tagged
version of a core SPB protein (Spc42p) relative to that
of a green fluorescent protein (GFP) tagged version of
another SPB protein (Spc110p) to show that it is
always the ‘old’ SPB that segregates into the bud. This
was further demonstrated in two ways: first, with a
‘fluorescence recovery after photobleaching’ (FRAP)
experiment, in which Spc42p–GFP of the single SPB
of G1 cells was photobleached and the cells then
followed by time-lapse microscopy; and second, by
transient expression of Spc42p–cyan fluorescent
protein (CFP) in early G1, which results in a specific
labeling of the newly formed SPB, in cells constitutively
expressing Spc42p–yellow fluorescent protein (YFP).
Taken together, these elaborate experiments demon-
strate beyond any doubt that a defined mode of SPB
inheritance exists in cells — the opposite from what
has been reported previously [7]. Segregation of the
‘old’ SPB into the bud depends on functional cyto-
plasmic microtubules. Pereira et al. [6] propose that
cytoplasmic microtubules directed into the growing
bud, which originate from the bridge between the
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duplicated SPBs in G1/S phase, move to the ‘old’ SPB
in S phase, whereas the cytoplasmic microtubules at
the ‘new’ SPB are formed de novo.
Does Bfa1p/Bub2p GAP complex of the MEN always
associate with the SPB that migrates into the bud
because it is the ‘old’ one? The answer is clearly no,
and this probably makes sense for the control of
cytokinesis. Pereira et al. [6] showed in a second set
of experiments that Bfa1p is always associated with
the bud SPB, even when the new one is forced in the
bud. Using mutants, they were able to show that the
association is not dependent on factors present in the
bud neck and that it is always the closest SPB to the
bud tip which is chosen.
How is Bfa1p localisation with SPBs regulated? In
cells treated with the microtubule-depolymerizing
drug nocodazole, Bfa1p associated with both SPBs.
This is due to the absence of microtubules, rather than
being a consequence of cell-cycle arrest or mitotic
checkpoint activation. Detailed analysis of Bfa1p
association with SPBs after drug removal, as well as
the use of mutants, allowed Pereira et al. [6] to con-
clude that it is the astral microtubule–cortex interac-
tion which controls the localization of Bfa1p at SPBs.
This implies that SPBs can sense properties of cyto-
plasmic microtubules, such as the tension they exert,
and regulate the Bfa1p/Bub2p GAP accordingly.
Whether SPB inheritance has any benefit for cell
division or morphogenesis is not clear. It may be part
of a program that allows efficient assembly of a bipolar
spindle at the end of S phase. SPBs are apparently
highly stable organelles with a very low turnover of
their core components (or else the experiments used
in this work would not have worked). The same is true
for vertebrate centrioles [8]. This feature might make
the SPB/centrosome a stable internal landmark for
morphogenesis and polarity through cell generations,
which together with other landmarks in other com-
partments essential for cell polarity, such as the cell
cortex [9], would ensure a faithful process. SPB inher-
itance may also be relevant during mitosis. It has been
shown that sister chromatids attach preferentially to
one spindle pole in the absence of the cohesin Scc1p
[10] or the aurora-like kinase Ipl1p [11]. The ability to
mark the ‘old’ SPB should make it possible to test
whether there is a preferential binding of unseparated
chromosomes to the ‘old’ or the ‘new’ SPB.
In unicelular biflagellates, such as Chlamydomonas
reinardtii, the generational asymmetry of basal bodies
and their mode of inheritance provide clues during cell
division for maintaining cortical polarities, such as the
location of the ‘eye-spot’ which is essential for cell
survival as an asymmetric organelle that allows the cell
to detect the light and orient its swimming towards or
away from the source, depending on its intensity [12,13].
There are also many examples of defined modes of
basal body inheritance. A striking example is that of
Pyramimonas octopus, which has eight flagella that
sequentially occupy defined positions before reaching a
predetermined location after three cell generations [14]. 
In cells of metazoans, centrosome organization is
more complex and flexible than in unicellular organ-
isms. Centrosomes consist of two centrioles associ-
ated in a pair by a matrix, which can vary in length to
a large extent [15,16]. Post-mitotic G1 cells inherit a
centrosome that contains a pair of centrioles linked by
Figure 1. Generational asymmetry of the
centrosome in yeasts (top) and mammals
(bottom). 
Centrosome reproduction in yeast is a con-
servative process and the mitotic spindle
has two non-equivalent poles. Normally the
old SPB (red) always segregates into the
bud, but if cytoplasmic microtubules are
perturbed, the new SPB (green) and the old
one are randomly segregated. In contrast,
the protein Bfa1p, part of the MEN, always
redistributes asymmetrically on the SPB
located in the bud, whether that SPB is old
or new. In mammals, the centrosome is
reproduced semi-conservatively, each pole
containing one of the two newest centrioles
(green), but the reproduction of each cen-
triole is conservative, so that the spindle
poles are also non-equivalent, one pole
containing the oldest centriole (red). This
asymmetry could be used in metaphase for
spindle positioning (see text), but also in
cytokinesis, as most of the time only one
mother centriole migrates to the midbridge.
It should also be noticed that the G1 cen-
trosome in mammals contains two non-
equivalent centrioles, one (green) having
assembled next to the other (red) during the
previous cell cycle. This asymmetry could
be important for the organisation of the
microtubule network in G1 cells.
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a flexible connection. The two centrioles differ both
structurally and biochemically: the older, ‘mother’ cen-
triole, which was formed at least 1.5 generations
earlier, carries two sets of appendages, one of them
being the fix points on which the asteral microtubules
are anchored. By contrast, the younger ‘daughter’
centriole, which was formed during the previous S
phase, lacks these appendages. This centriole can
nucleate microtubules, like the mother centriole, but it
cannot capture them. 
During S phase, a small ‘procentriole’ forms adjacent
to the proximal wall of each parent centriole, which
then gradually elongates. By G2 phase, when the cell
has a 4N DNA content, it also contains four centrioles
arranged into two pairs. Within each pair, the mother
and daughter centrioles are orthogonally oriented.
This relationship is then maintained through mitosis.
During the next cell cycle, the orthogonal orientation
is lost and a slow process of maturation of the daugther
centriole takes place which transforms it in a fully dif-
ferentiated centriole, apparently identical in all respects
to the mother centriole. 
In animal cells, therefore, centriole duplication is con-
servative whereas centrosome duplication is semi-
conservative (Figure 1, bottom). This also introduces
an asymmetry in centrosome inheritance: one of the
two daughter cells inherits a pair of centrioles in which
the mother centriole is one generation older than the
mother centriole of the other cell. Whether this asym-
metry introduces a constitutive asymmetry in the cell
division process is not known. Some arguments in
favor of this possibility have been reported for the
asymmetric divisions of neuroblasts from Drosophila
[17], but this has not been demonstrated for other
kinds of asymmetric division [18].
The question remains whether the old and new cen-
trioles of a centrosome have distinct functions in cell
cycle regulation, as is the case for SPBs in yeast. What
has been recently shown is that completion of cytoki-
nesis in cultured human HeLa or murine L929 cells
coincides with the migration of the mother, but not the
daughter, centriole towards the cytokinesis site [19].
Such a behaviour is reminiscent of the situation in
yeast, and suggests that centrioles and SPBs have a
conserved role in the signalling pathway controlling
cytokinesis. Intriguingly, in the majority of cases, the
movement of the mother centriole towards the mid-
zone happens only in one of the two daughter cells .
The notion that preexisting ‘old’ structures, or pat-
terns, could influence the organisation of ‘new’ struc-
tures or patterns, which is basic to the centrosome
duplication process, has been demonstrated in the
past for large assemblies of basal bodies in ciliates
[20]. Known as ‘cortical heredity’, or cytotaxy, this 
epigenetic process is like a structural memory encom-
passing several cell generations. A defect into the
cortex of a Paramecium, for example, can be propa-
gated into the progeny of this cell for more than a
thousand generations. A similar inheritance process,
involving long-lived internal structures such as 
the centrosome and stable cortical marks, might 
contribute to the stability of cell shape over time in
other eukaryotic cells.
References
1. McCollum, D., and Gould, K.L. (2001). Timing is everything:
regulation of mitotic exit and cytokinesis by the MEN and
SIN. Trends Cell Biol. 11, 89–95.
2. Bardin, A.J., and Amon, A. (2001). MEN and SIN: what’s
the difference? Nat. Rev. Mol. Cell Biol. 2, 815–826.
3. Gruneberg, U., Campbell, K., Simpson, C., Grindlay, J., and
Schiebel, E. (2000). Nud1p links astral microtubule organi-
zation and the control of exit from mitosis. EMBO J. 19,
6475–6488.
4. Pereira, G., and Schiebel, E. (2001). The role of the yeast
spindle pole body and the mammalian centrosome in reg-
ulating late mitotic events. Curr. Opin. Cell Biol. 13,
762–769.
5. Hoyt, M.A. (2000). Exit from mitosis: spindle pole power.
Cell 102, 267–270.
6. Pereira, G., Tanaka, T.U., Nasmyth, K., and Schiebel, E.
(2001). Modes of spindle pole body inheritance and segre-
gation of the Bfa1p/Bub2p checkpoint protein complex.
EMBO J. 22, 6359–6370.
7. Vallen, E.A., Hiller, M.A., Scherson, T.Y., and Rose, M.D.
(1992). Separate domains of KAR1 mediate distinct functions
in mitosis and nuclear fusion. J. Cell Biol. 117, 1277–1287.
8. Kochanski, R.S., and Borisy, G.G. (1990). Mode of centriole
duplication and distribution. J. Cell Biol. 110, 1599–1605.
9. Chen, T., Hiroko, T., Chaudhuri, A., Inose, F., Lord, M.,
Tanaka, S., Chant, J., and Fujita, A. (2000). Multigenera-
tional cortical inheritance of the Rax2 protein in orienting
polarity and division in yeast. Science 290, 1975–1978.
10. Tanaka, T., Fuchs, J., Loidl, J., and Nasmyth, K. (2000).
Cohesin ensures bipolar attachment of microtubules to
sister centromeres and resists their precocious separation.
Nat. Cell Biol. 2, 492–499.
11. Biggins, S., and Murray, A.W. (2001). The budding yeast
protein kinase Ipl1/Aurora allows the absence of tension to
activate the spindle checkpoint. Genes Dev. in press.
12. Beisson, J., and Jerka-Dziadosz, M. (1999). Polarities of
the centriolar structure: morphogenetic consequences.
Biol. Cell 91, 367–378.
13. Holmes, J.A., and Dutcher, S.K. (1989). Cellular asymmetry
in Chlamydomonas reinhardtii. J. Cell Sci. 94, 273–285.
14. Moestrup, O., and Hori, T. (1989). Ultrastructure of the fla-
gellar apparatus in Pyramimonas octopus (Prasinophyceae).
II. Flagellar roots, connecting fibers, and numbering of indi-
vidual flagella in green algae. Protoplasma 148, 41–56.
15. Paintrand, M., Moudjou, M., Delacroix, H., and Bornens, M.
(1992). Centrosome organization and centriole architec-
ture: their sensitivity to divalent cations. J. Struct. Biol.
108, 107–128.
16. Piel, M., Meyer, P., Khodjakov, A., Rieder, C.L., and
Bornens, M. (2000). The respective contributions of the
mother and daughter centrioles to centrosome activity and
behavior in vertebrate cells. J. Cell Biol. 149, 317–329.
17. Kaltschmidt, J.A., Davidson, C.M., Brown, N.H., and Brand,
A.H. (2000). Rotation and asymmetry of the mitotic spindle
direct asymmetric cell division in the developing central
nervous system. Nat. Cell Biol. 2, 7–12.
18. Bellaiche, Y., Gho, M., Kaltschmidt, J.A., Brand, A.H., and
Schweisguth, F. (2001). Frizzled regulates localization of
cell-fate determinants and mitotic spindle rotation during
asymmetric cell division. Nat. Cell Biol. 3, 50–57.
19. Piel, M., Nordberg, J., Euteneuer, U., and Bornens, M.
(2001). Centrosome-dependent exit of cytokinesis in
animal cells. Science 291, 1550–1553.
20. Beisson, J., and Sonnenborn, T.M. (1965). Cytoplasmique
inheritance of the organisation of the cell cortex in Para-
mecium aurelia. Proc. Natl. Acad. Sci. USA 53, 275–282.
